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and an associated period of time, and determining a respective
sequence of intended destinations for each of one or more
vehicles of a fleet of vehicles to travel to over the period of
time. Additionally, based on a determined sequence of
intended destinations for a vehicle of the one or more vehicles
and based on a desired spatial relationship between the
vehicle and one or more neighboring vehicles for a given time
period, a flocking-based direction of travel for the vehicle
may be determined for the given time period.
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METHODS AND SYSTEMS FOR
PERFORMING FLOCKING WHILE

EXECUTING A LONG-RANGE FLEET PLAN

BACKGROUND

Unless otherwise indicated herein, the materials described
in this section are not prior art to the claims in this application
and are not admuitted to be prior art by inclusion in this section.

Computing devices such as personal computers, laptop
computers, tablet computers, cellular phones, and countless
types ol Internet-capable devices are increasingly prevalent
in numerous aspects of modern life. As such, the demand for
data connectivity via the Internet, cellular data networks, and
other such networks, 1s growing. However, there are many
areas of the world where data connectivity is still unavailable,
or if available, 1s unreliable and/or costly. Accordingly, addi-
tional network infrastructure 1s desirable.

SUMMARY

In one example, a method 1s provided that comprises
receiving a sequence ol coverage requirements for a region
and an associated period of time. An individual coverage
requirement may indicate a desired distribution of vehicles
among the region at a respective time period within the period
of time. The method further comprises, based on the sequence
of coverage requirements, determining, by a processor, a
respective sequence of intended destinations for each of one
or more vehicles of a fleet of vehicles to travel to over the
period of time. Additionally, according to the method, based
on a determined sequence of intended destinations for a
vehicle of the one or more vehicles and based on a desired
spatial relationship between the vehicle and one or more
neighboring vehicles for a given time period, the processor
may determine a flocking-based direction of travel for the
vehicle for the given time period.

In another example, a computer-readable storage medium
having stored therein instructions, that when executed by a
computing device, cause the computing device to perform
functions 1s provided. The functions comprise receiving a
sequence of coverage requirements for a region and an asso-
ciated period of time. An individual coverage requirement
may 1ndicate a desired distribution of vehicles among the
region at a respective time period within the period of time.
The functions further comprise, based on the sequence of
coverage requirements, determining a respective sequence of
intended destinations for each of one or more vehicles of a
fleet of vehicles to travel to over the period of time. Addition-
ally the functions comprise, based on a determined sequence
of intended destinations for a vehicle of the one or more
vehicles and based on a desired spatial relationship between
the vehicle and one or more neighboring vehicles for a given
time period, determining a flocking-based direction of travel
tor the vehicle for the given time period.

In still another example, a system 1s provided that com-
prises at least one processor, and data storage comprising
program 1nstructions executable by the at least one processor
to cause the system to perform functions. The functions com-
prise receiving a sequence ol coverage requirements for a
region and an associated period of time. An individual cov-
crage requirement may indicate a desired distribution of
vehicles among the region at a respective phase within the
period of time. The functions further comprise, based on the
sequence of coverage requirements, determining a respective
sequence of intended destinations for each of one or more
vehicles of a fleet of vehicles to travel to over the period of
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time. Additionally the functions comprise, based on a deter-
mined sequence of intended destinations for a vehicle of the
one or more vehicles and based on a desired spatial relation-
ship between the vehicle and one or more neighboring
vehicles for a given time period, determining a flocking-based
direction of travel for the vehicle for the given time period.

These as well as other aspects, advantages, and alterna-
tives, will become apparent to those of ordinary skill in the art
by reading the following detailed description, with reference
where approprate to the accompanying figures.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 15 a block diagram 1llustrating an example balloon
network.

FIG. 2 1s a block diagram 1illustrating an example balloon-
network control system.

FIG. 3 shows a high-altitude balloon according to an
example embodiment.

FIG. 4 illustrates example trajectories for a balloon that 1s
traveling from one of a plurality of starting landmarks to a
landmark E.

FIG. 5 illustrates an example cost value map where loca-
tion A 1s a starting location of a balloon, location B 1s a desired
final location, and example cost values are assigned to cells
surrounding location B.

FIG. 6 illustrates an area divided into cells, and for a given
cell labeled X, example wind vectors A,-A; that are deter-
mined based on wind conditions at five different altitude
levels.

FIGS. 7A and 7B 1illustrate examples of determining a set
of starting landmarks from which a balloon could reach a
landmark E.

FIG. 8 illustrates an example graph of possible routes
between a plurality of landmarks in accordance with an
example embodiment.

FIGS. 9A and 9B conceptually 1llustrate an example deter-
mination of individual balloon trajectories.

FIG. 10 illustrates example trajectories for each of a plu-
rality of balloons.

FIG. 11 1s an example block diagram of a method to deter-
mine a flocking-based direction of travel, 1n accordance with
at least some embodiments described herein.

FIGS. 12A and 12B are conceptual 1llustrations of tlocking
behaviors.

FIG. 13A 1llustrates estimated locations of each vehicle of
a fleet of vehicles.

FIG. 13B illustrates a derived target distribution that 1s
determined based on the estimated locations of FIG. 13A.

FIG. 14 1s another example block diagram of a method to
determine a flocking-based direction of travel, 1n accordance
with at least some embodiments described herein.

FIG. 15 1s still another example block diagram of a method
to determine a tflocking-based direction of travel, 1n accor-
dance with at least some embodiments described herein.

DETAILED DESCRIPTION

The following detailed description describes various fea-
tures and functions of the disclosed systems and methods
with reference to the accompanying figures. In the figures,
similar symbols 1dentify similar components, unless context
dictates otherwise. The illustrative system and method
embodiments described herein are not meant to be limiting. It
may be readily understood that certain aspects of the dis-
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closed systems and methods can be arranged and combined 1n
a wide variety of different configurations, all of which are
contemplated herein.

Examples herein may be configured to provide control of
vehicles within a fleet of vehicles. The vehicles may be any
number of types of vehicles including, for example, autono-
mous or semi-autonomous vehicles, such as aerial vehicles,
boats, underwater vehicles, satellites, aerostats, etc. for map-
ping/surveying, sensing, providing connectivity, etc. In other
examples, methods described herein may be used to control
or dispatch autonomous cars to maintain a well-distributed
fleet of autonomous taxis 1n a city to support rapid dispatch of
taxis. The vehicles may be any type ol mobile object, element,
platiorm, etc.

In still further examples, vehicles may be or include ele-
ments of a data network that includes a plurality of balloons,
for example, configured as a mesh network formed by high-
altitude balloons deployed 1n the stratosphere. Since winds 1n
the stratosphere may aflect locations of the balloons 1n a
differential manner, each balloon 1n an example network may
be configured to change 1ts horizontal position by adjusting,
its vertical position (1.e., altitude). For example, by adjusting
its altitude, a balloon may be able find winds that will carry
the balloon horizontally (e.g., latitudinally and/or longitudi-
nally) to a desired horizontal location. In other examples,
cach balloon may be configured to change its horizontal posi-
tion using propellers or other mechanisms to generate hori-
zontal thrust rather than or 1n addition to adjusting 1ts hori-
zontal position by adjusting 1ts vertical position.

Within examples, methods and systems are described with
respect to elements of a fleet of vehicles being balloons 1n a
fleet of balloons arranged as a data network. However, as
mentioned above, methods and systems herein may be appli-
cable to other types of vehicles of a fleet of vehicles, and thus,
the examples described are not limiting.

When managing a fleet of autonomous balloons, a fleet
administrator may oiten wish to satisty multiple mission
objectives, including, for example, both long-term goals and
immediate goals. As an example of long-term goals, a respec-
tive sequence of mtended destinations for one or more bal-
loons may be determined (or recerved) based on a sequence of
coverage requirements. The sequence of coverage require-
ments may specily desired amounts of balloon coverage for
different parts of the world. For instance, the desired amounts
of balloon coverage may include providing at least ten bal-
loons 1n a first area, at least five balloons 1n a second area, and
at least eighteen balloons 1n a third area at a first instance 1n
time and then, at a second istance in time, providing at least
five balloons 1n the first area, ten balloons 1n the second area,
and twenty balloons 1n the third area. Thus, the sequence of
coverage requirements may indicate desired geographic dis-
tributions of balloons at respective time periods.

In one example, satistying long-term goals may ivolve
determining a fleet plan that stages balloons in particular
places ahead of deadlines such that the balloons will be able
to arrive at a desired location on time may be required. Thus,
planning a fleet plan to satisty a sequence of coverage require-
ments may result 1n a sequence of way points that each bal-
loon should pass through.

It may also be desirable to evaluate or plan for the distri-
bution of the balloons as each of the balloons pass between
waypoints. As an example of immediate goals, an adminis-
trator might desire the fleet of balloons to not bunch up, to not
have any point 1n space be more than a set distance from at
least N balloons (e.g., 1n order to provide good sensor cover-
age, or to provide continuous wireless communication cov-
erage), or to have every balloon be within a set distance of at
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4

least N other balloons (e.g., in order to maintain a balloon-
to-balloon communications network). These types of imme-
diate goals are oiten amenable to reactive, real-time control
systems, such as flocking algorithms.

Described herein are example mechanisms (e.g., systems
and methods) for managing both long-term goals and 1mme-
diate goals when coordinating the trajectories for a fleet of
autonomous or semi-autonomous vehicles.

In one example, a system may use a long-term planner to
derive a plan for a fleet of vehicles that satisfies long-term
goals. The system may then simulate the fleet executing the
long-term plan, resulting 1n a detailed trajectory for each
vehicle. The system may also be configured to determine, for
any time within the long-term plan, a derived target distribu-
tion. The dertved target distribution may be determined based
on the location of each vehicle at that time 1n the detailed
trajectory for the vehicle. The system may then use a flocking
algorithm that incorporates information associated with a
target distribution to determine a flocking-based direction of
travel for each vehicle.

The term tlocking as used herein may generally refer to any
type of behavior that 1s determined based on immediate cir-
cumstances, as opposed to global or long-term goals. Thus, a
flocking algorithm may be any algorithm that locally solves
for a direction and/or behavior based on one or more 1mme-
diate circumstances of a vehicle or group of vehicles. The
immediate circumstances may include, for example, the loca-
tion and/or behavior of a vehicle and one or more neighboring
vehicles as further described below. Other examples may also
exi1st, and the example 1s not meant to be limiting 1n any way.

In another example, a system may use a long-term planner
to derive a plan for a tleet of vehicles that satisfies long-term
goals. From the long-term plan, the system may derive a
control policy to enable each vehicle to satisty a series of
goals. For example, the control policy may specily for each
vehicle and each location, the preferred direction of travel in
order to get as close as possible to an intended goal. The
system may then use a tlocking algorithm that allows a pre-
terred direction to be icorporated into each vehicle’s tlock-
ing-based control choice to determine a flocking-based direc-
tion of travel for each vehicle. Other example systems and
methods are also contemplated and described hereinatter.

Referring now to the Figures, FIG. 1 1s a block diagram
illustrating an example balloon network 100. As shown, the
balloon network 100 includes balloons 102A to 102F, which
are configured to communicate with one another via free-
space optical links 104 and/or RF links 108. Configured as
such, balloons 102A to 102F may collectively function as a
mesh network for packet-data communications. Further, at
least some of balloons 102A and 102B may be configured for
RF communications with ground-based stations 106 wvia
respective RF links 108. Yet further, some balloons, such as
balloon 102F, may be configured to communicate via optical
link 110 with ground-based station 112.

In an exemplary embodiment, balloons 102A to 102F are
high-altitude balloons, which are deployed in the strato-
sphere. At moderate latitudes, the stratosphere includes alti-
tudes between approximately 10 kilometers (km) and 50 km
altitude above the surface. At the poles, the stratosphere starts
at an altitude of approximately 8 km. In an exemplary
embodiment, high-altitude balloons may be generally config-
ured to operate 1n an altitude range within the stratosphere
that has a wide range of wind speeds. For instance, between
1’7 km and 20 km altitude above the surface, the average wind
speed may be between about 30 mph to about 35 mph, while
the max wind speed may be up to 200 mph. As another
example, at about 26 km altitude above the surface, the aver-
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age wind speed may be between about 60 mph to about 65
mph, while the max wind speed may exceed 300 mph.

More specifically, 1n a high-altitude-balloon network, bal-
loons 102 A to 102F may generally be configured to operate at
altitudes between 18 km and 25 km (although other altitudes
are possible). At such altitudes, the winds may vary with
latitude and by season, and the variations can be modeled in a
reasonably accurate manner. Additionally, altitudes above 18
km are typically above the maximum thght level designated
for commercial air tratfic. Theretfore, interference with com-
mercial tlights 1s not a concern when balloons are deployed
between 18 km and 25 km.

To transmit data to another balloon, a given balloon 102A
to 102F may be configured to transmit an optical signal via an
optical link 104. In an exemplary embodiment, a given bal-
loon 102A to 102F may use one or more high-power light-
emitting diodes (LEDs) to transmit an optical signal. Alter-
natively, some or all of balloons 102A to 102F may include
laser systems for free-space optical communications over
optical links 104. Other types of free-space optical commu-
nication are possible. Further, in order to receive an optical
signal from another balloon via an optical link 104, a given
balloon 102A to 102F may include one or more optical
receivers.

In a further aspect, balloons 102A to 102F may utilize one
or more of various different RF air-interface protocols for
communication with ground-based stations 106 via respec-
tive RF links 108. For instance, some or all of balloons 102A
to 102F may be Conﬁgured to communicate with ground-
based station 106 using protocols described in IEEE 802.11
(including any of the IEEE 802.11 revisions), various cellular
protocols such as GSM, CDMA, UMTS, EV-DO, WiMAX,
and/or LTE, and/or one or more propriety protocols dovel-
oped for balloon-ground RF communication, among other
possibilities.

In a further aspect 1n balloon network 100, balloon 102F 1s
configured as a downlink balloon to provide a high-capacity
air-ground link. Like other balloons 1n an exemplary network,
a downlink balloon 102F may be operable for optical com-
munication with other balloons via optical links 104. How-
ever, a downlink balloon 102F may also be configured for
free-space optical communication with a ground-based sta-
tion 112 via an optical link 110. Optical link 110 may there-
fore serve as a high-capacity link (as compared to an RF link
108) between the balloon network 100 and ground-based
station 112.

Note that 1n some 1mplementations, a downlink balloon
102F may additionally be operable for RF communication
with ground-based station 106. In other cases, a downlink
balloon 102F may only use an optical link for balloon-to-
ground commumnications. Further, while the arrangement
shown 1n FIG. 1 includes just one downlink balloon 102F, an
exemplary balloon network can also include multiple down-
link balloons. On the other hand, a balloon network can also
be implemented without any downlink balloons.

In other implementations, a downlink balloon may be
equipped with a specialized, high-bandwidth RF communi-
cation system for balloon-to-ground communications,
instead of, or in addition to, a free-space optical communica-
tion system. The high-bandwidth RF communication system
may take the form of an ultra-wideband system, which may
provide an RF link with substantially the same capacity as one
of the optical links 104.

Ground-based stations, such as ground-based station 106
and/or 112, may include components such as transcervers,
transmitters, and/or receirvers for communication via RF links
and/or optical links with a balloon network. Further, a
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6

ground-based station may use various air-interface protocols
in order to communicate with a balloon 102A to 102F over an
RF link. As such, a ground-based station 106 may be config-
ured as an access point via which various devices can connect
to balloon network 100.

In a further aspect, some or all balloons 102A to 102F
could be configured to establish a communication link with
space-based satellites 1n addition to, or as an alternative to, a
ground-based communication link. In some embodiments, a
balloon may communicate with a satellite via an optical link.

Further, some ground-based stations, such as ground-
based station 106, may be configured as gateways between
balloon network 100 and one or more other networks. Such a
ground-based station 106 may thus serve as an interface
between the balloon network and the Internet, a cellular ser-
vice provider’s network, and/or other types of networks.

Asnoted, balloons 102 A to 102F may collectively function
as a mesh network. More specifically, since balloons 102A to
102F may commumnicate with one another using free-space
optical links, the balloons may collectively function as a
free-space optical mesh network.

In a mesh-network configuration, each balloon 102A to
102F may function as a node of the mesh network, which 1s
operable to receive data directed to the balloon and to route
data to other balloons. As such, data may be routed from a
source balloon to a destination balloon by determining an
appropriate sequence of optical links between the source
balloon and the destination balloon. These optical links may
be collectively referred to as a “lightpath” for the connection
between the source and destination balloons. Further, each of
the optical links may be referred to as a “hop” on the lightpath.

To operate as a mesh network, balloons 102A to 102F may
employ various routing techniques and seli-healing algo-
rithms. In some embodiments, a balloon network 100 may
employ adaptive or dynamic routing, where a lightpath
between a source and destination balloon 1s determined and
set-up when the connection i1s needed, and released at a later
time. Further, when adaptive routing 1s used, the lightpath
may be determined dynamically depending upon the current
state, past state, and/or predicted state of the balloon network.

In addition, the network topology may change as the bal-
loons 102A to 102F move relative to one another and/or
relative to the ground. Accordingly, an exemplary balloon
network 100 may apply a mesh protocol to update the state of
the network as the topology of the network changes. For
example, to address the mobility of the balloons 102A to
102F, balloon network 100 may employ and/or adapt various
techniques that are employed 1 mobile ad hoc networks
(MANETS). Other examples are possible as well.

In some implementations, a balloon network 100 may be
configured as a transparent mesh network. For instance, the
balloons may include components for physical switching that
1s entirely optical, without any electrical components
involved 1n the physical routing of optical signals. Thus, 1n a
transparent configuration with optical switching, signals
travel through a multi-hop lightpath that 1s entirely optical.

In other implementations, the balloon network 100 may
implement a free-space optical mesh network that 1s opaque.
In an opaque configuration, some or all balloons 102A to
102F may mmplement optical-electrical-optical (OEQO)
switching. For example, some or all balloons may include
optical cross-connects (OXCs) for OEO conversion of optical
signals. Other opaque configurations are also possible.

In a further aspect, balloons 1n an exemplary balloon net-
work 100 may implement wavelength division multiplexing
(WDM), which may help to increase link capacity. When
WDM 1s implemented with transparent switching, physical
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lightpaths through the balloon network may be subject to the
“wavelength conftinuity constraint”” More specifically,
because the switching in a transparent network 1s entirely
optical, the same wavelength can be assigned for all optical
links on a given lightpath.

An opaque configuration, on the other hand, may avoid the
wavelength continuity constraint. In particular, balloons in an
opaque balloon network may include the OEQO switching
systems operable for wavelength conversion. As a result,
balloons can convert the wavelength of an optical signal at
cach hop along a lightpath.

Further, various routing algorithms may be employed in an
opaque configuration. For example, to determine a primary
lightpath and/or one or more diverse backup lightpaths for a
given connection, exemplary balloons may apply or consider
shortest-path routing techniques such as Dijkstra’s algorithm
and k-shortest path, and/or edge and node-diverse or disjoint
routing such as Suurballe’s algorithm, among others. Addi-
tionally or alternatively, techniques for maintaining a particu-
lar quality of service (QoS) may be employed when deter-
mimng a lightpath. Other techniques are also possible.

In some examples, a balloon network 100 may have a
non-uniform topology. For instance, exemplary embodi-
ments may ivolve topologies where balloons are distributed
more or less densely in certain areas, for various reasons. As
an example, to help meet the higher bandwidth demands that
are typical 1in urban areas, balloons may be clustered more
densely over urban areas. For similar reasons, the distribution
of balloons may be more dense over land than over large
bodies of water. Many other examples ol non-uniform topolo-
gies are possible.

FI1G. 2 1s a block diagram 1llustrating an example balloon-
network control system. In particular, FIG. 2 shows a distrib-
uted control system, which includes a central control system
200 and a number of regional control-systems 202A to 202C.
Such a control system may be configured to coordinate cer-
tain functionality for balloon network 204, and as such, may
be configured to control and/or coordinate certain functions
tor balloons 206A to 2061.

In the 1llustrated embodiment, central control system 200
may be configured to communicate with balloons 206A to
2061 via a number of regional control systems 202A to 202C.
These regional control systems 202A to 202C may be con-
figured to receive communications and/or aggregate data
from balloons 1n the respective geographic areas that the
balloons cover, and to relay the communications and/or data
to central control system 200. Further, regional control sys-
tems 202A to 202C may be configured to route communica-
tions from central control system 200 to the balloons 1n their
respective geographic areas. For instance, as shown in FIG. 2,
regional control system 202A may relay communications
and/or data between balloons 206A to 206C and central con-
trol system 200, regional control system 202B may relay
communications and/or data between balloons 206D to 206F
and central control system 200, and regional control system
202C may relay communications and/or data between bal-
loons 206G to 2061 and central control system 200.

In order to facilitate communications between the central
control system 200 and balloons 206A to 2061, certain bal-
loons may be configured as downlink balloons, which are
operable to communicate with regional control systems 202A
to 202C. Accordingly, each regional control system 202A to
202C may be configured to communicate with the downlink
balloon or balloons 1n the respective geographic area 1t cov-
ers. For example, 1n the illustrated embodiment, balloons
204A, 204D, and 204H are configured as downlink balloons.

As such, regional control systems 202A to 202C may respec-
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tively communicate with balloons 204 A, 204D, and 204H via
optical links 206, 208, and 210, respectively.

In a centralized control arrangement, such as that shown 1n
FIG. 2, the central control system 200 (and possibly regional
control systems 202A to 202C as well) may coordinate cer-
tain mesh-networking functions for balloon network 204. For
example, balloons 206 A to 2061 may send the central control
system 200 certain state information, which the central con-
trol system 200 may utilize to determine the state of balloon
network 204. The state information from a given balloon may
include location data, optical-link information (e.g., the 1den-
tity of other balloons with which the balloon has established
an optical link, the bandwidth of the link, wavelength usage
and/or availability on a link, etc.), wind data collected by the
balloon, and/or other types of information. Accordingly, the
central control system 200 may aggregate state information
from some or all of the balloons 206A to 2061 1n order to
determine an overall state of the network.

The overall state of the network may then be used to coor-
dinate and/or facilitate certain mesh-networking functions
such as determining lightpaths for connections. For example,
the central control system 200 may determine a current topol-
ogy based on the aggregate state information from some or all
of the balloons 206A to 2061. The topology may provide a
picture of the current optical links that are available 1n balloon
network and/or the wavelength availability on the links. This
topology may then be sent to some or all of the balloons so
that a routing technique may be employed to select appropri-
ate lightpaths (and possibly backup lightpaths) for commu-
nications through the balloon network 204.

In some embodiments, control and coordination of a bal-
loon network may be shared by a ground-based control sys-
tem and a balloon network to varying degrees, depending
upon the implementation. In fact, in some embodiments,
there may be no ground-based control systems. In such an
embodiment, all network control and coordination functions
may be implemented by the balloon network itself. For
example, certain balloons may be configured to provide the
same or similar functions as central control system 200 and/or
regional control systems 202A to 202C. Other examples are
also possible.

Furthermore, control and/or coordination of a balloon net-
work may be de-centralized. For example, each balloon may
relay state information to, and recetve state information from.,
some or all nearby balloons. Further, each balloon may relay
state information that 1t receives from a nearby balloon to
some or all nearby balloons. When all balloons do so, each
balloon may be able to individually determine the state of the
network. Alternatively, certain balloons may be designated to
aggregate state mformation for a given portion of the net-
work. These balloons may then coordinate with one another
to determine the overall state of the network.

Various types of balloon systems may be incorporated in an
exemplary balloon network. As noted above, an exemplary
embodiment may utilize high-altitude balloons, which typi-
cally operate 1n an altitude range between 18 km and 25 km.
FIG. 3 shows a high-altitude balloon 300, according to an
exemplary embodiment. As shown, the balloon 300 includes
an envelope 302, a skirt 304, a payload 306, and a cut-down
system 308 that 1s attached between the balloon 302 and
payload 306.

The envelope 302 and skirt 304 may take various forms, for
instance, the envelope 302 and/or skirt 304 may be made of
metalized Mylar or BoPet. Alternatively or additionally, some
or all of the envelope 302 and/or skirt 304 may be constructed
from a highly-flexible latex material or a rubber material such
as chloroprene. Further, the shape and size of the envelope
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302 and skirt 304 may vary depending upon the particular
implementation. Additionally, the envelope 302 may be filled
with various different types of gases, such as helium and/or
hydrogen.

The payload 306 of balloon 300 may 1nclude a processor
312 and on-board data storage, such as memory 314. The
memory 314 may take the form of or include a non-transitory
computer-readable medium. The non-transitory computer-
readable medium may have instructions stored thereon,
which can be accessed and executed by the processor 312 in
order to carry out the balloon functions described herein.

The payload 306 of balloon 300 may also include various
other types of equipment and systems to provide a number of
different functions. For example, payload 306 may include
optical communication system 316, which may transmit opti-
cal signals via an ultra-bright LED system 320, and which
may receive optical signals via an optical-communication
receiver 322 (e.g., a photo-diode recerver system). Further,
payload 306 may include an RF communication system 318,
which may transmit and/or receive RF communications via
an antenna system 340. The payload may further include a
positioning system 324 that can include a GPS or other loca-
tion-based sensors.

The payload 306 may also include a power supply 326 to
supply power to the various components of balloon 300. The
power supply 326 may include or take the form of a recharge-
able battery. In addition, the balloon 300 may include a solar
power generation system 327. The solar power generation
system 327 may include solar panels and could be used to
generate power that charges and/or 1s distributed by the power
supply 326.

Further, payload 306 may include various types of other
systems 328 and sensors 334. For example, payload 306 may
include one or more video and/or still cameras, a GPS system,
various motion sensors (e.g., accelerometers, gyroscopes,
and/or compasses), and/or various sensors for capturing envi-
ronmental data. Further, some or all of the components within
payload 306 may be implemented 1n a radiosonde, which may
be operable to measure, e.g., pressure, altitude, geographical
position (latitude and longitude), temperature, relative
humidity, and/or wind speed and/or direction, among other
information.

As noted, balloon 300 includes an ultra-bright LED system
320 for free-space optical communication with other bal-
loons. As such, optical communication system 316 may be
configured to transmit a free-space optical signal by modu-
lating the ultra-bright LED system 320. The optical commu-
nication system 316 may be implemented with mechanical
systems and/or with hardware, firmware, and/or software.

In a further aspect, balloon 300 may be configured for
altitude control. For instance, balloon 300 may include a
variable buoyancy system, which 1s configured to change the
altitude of the balloon 300 by adjusting the volume and/or
density of the gas in the balloon 300. A variable buoyancy
system may take various forms, and may generally be any
system that can change the volume and/or density of gas 1n
envelope 302.

In an exemplary embodiment, a variable buoyancy system
may include a bladder 310 that 1s located inside of envelope
302. The bladder 310 could be an elastic chamber configured
to hold liquid and/or gas. Alternatively, the bladder 310 need
not be 1nside the envelope 302. For instance, the bladder 310
could be arigid bladder that could be pressurized well beyond
neutral pressure. The buoyancy of the balloon 300 may there-
tore be adjusted by changing the density and/or volume of the
gas 1n bladder 310. To change the density in bladder 310,

balloon 300 may be configured with systems and/or mecha-
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nisms for heating and/or cooling the gas in bladder 310.
Further, to change the volume, balloon 300 may include
pumps or other features for adding gas to and/or removing gas
from bladder 310. Additionally or alternatively, to change the
volume of bladder 310, balloon 300 may include release
valves or other features that are controllable to allow gas to
escape from bladder 310. Multiple bladders 310 could be
implemented within the scope of this disclosure. For instance,
multiple bladders could be used to improve balloon stability.

In an example embodiment, the envelope 302 could be
filled with helium, hydrogen or other lighter-than-air mate-
rial. The envelope 302 could thus have an associated upward
buoyancy force. In such an embodiment, air in the bladder
310 could be considered a ballast tank that may have an
associated downward ballast force. In another example
embodiment, the amount of air 1n the bladder 310 could be
changed by pumping air (e.g., with an air compressor) into
and out of the bladder 310. By adjusting the amount of air 1n
the bladder 310, the ballast force may be controlled. In some
embodiments, the ballast force may be used, 1n part, to coun-
teract the buoyancy force and/or to provide altitude stability.

In other embodiments, the envelope 302 could be substan-
tially rigid and include an enclosed volume. Air could be
evacuated from envelope 302 while the enclosed volume 1s
substantially maintained. In other words, at least a partial
vacuum could be created and maintained within the enclosed
volume. Thus, the envelope 302 and the enclosed volume
could become lighter than air and provide a buoyancy force.
In yet other embodiments, air or another material could be
controllably introduced into the partial vacuum of the
enclosed volume in an effort to adjust the overall buoyancy
force and/or to provide altitude control.

In another embodiment, a portion of the envelope 302
could be a first color (e.g., black) and/or a first material from
the rest of envelope 302, which may have a second color (e.g.,
white) and/or a second material. For instance, the first color
and/or first material could be configured to absorb a relatively
larger amount of solar energy than the second color and/or
second material. Thus, rotating the balloon such that the first
material 1s facing the sun may act to heat the envelope 302 as
well as the gas inside the envelope 302. In this way, the
buoyancy force of the envelope 302 may increase. By rotating
the balloon such that the second material 1s facing the sun, the
temperature of gas inside the envelope 302 may decrease.
Accordingly, the buoyancy force may decrease. In this man-
ner, the buoyancy force of the balloon could be adjusted by
changing the temperature/volume of gas 1nside the envelope
302 using solar energy. In such embodiments, 1t 1s possible
that a bladder 310 may not be a necessary element of balloon
300. Thus, various contemplated embodiments, altitude con-
trol of balloon 300 could be achieved, at least 1n part, by
adjusting the rotation of the balloon with respect to the sun.

Further, the balloon 300 may include a navigation system
(not shown). The navigation system may implement station-
keeping functions to maintain position within and/or move to
a position 1 accordance with a desired topology. In particu-
lar, the navigation system may use altitudinal wind data to
determine altitudinal adjustments that result 1n the wind car-
rying the balloon 1n a desired direction and/or to a desired
location. The altitude-control system may then make adjust-
ments to the density of the balloon chamber 1n order to effec-
tuate the determined altitudinal adjustments and cause the
balloon to move laterally to the desired direction and/or to the
desired location.

Alternatively, the altitudinal adjustments may be computed
by a ground-based control system and communicated to the
high-altitude balloon. As another alternative, the altitudinal
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adjustments may be computed by a ground-based or satellite-
based control system and communicated to the high-altitude
balloon. Furthermore, 1n some embodiments, specific bal-
loons 1n a heterogeneous balloon network may be configured
to compute altitudinal adjustments for other balloons and
transmit the adjustment commands to those other balloons.

As shown, the balloon 300 also includes a cut-down system
308. The cut-down system 308 may be activated to separate
the payload 306 from the rest of balloon 300. This function-
ality may be utilized anytime the payload needs to be
accessed on the ground, such as when it 1s time to remove
balloon 300 from a balloon network, when maintenance 1s
due on systems within payload 306, and/or when power sup-
ply 326 needs to be recharged or replaced.

In an exemplary embodiment, the cut-down system 308
may include a connector, such as a balloon cord, connecting
the payload 306 to the envelope 302 and a means for severing
the connector (e.g., a shearing mechanism or an explosive
bolt). In an example embodiment, the balloon cord, which
may be nylon, 1s wrapped with a nichrome wire. A current
could be passed through the nichrome wire to heat 1t and melt
the cord, cutting the payload 306 away from the envelope 302.
Other types of cut-down systems and/or variations on the
illustrated cut-down system 308 are possible as well.

In an alternative arrangement, a balloon may not include a
cut-down system. In such an arrangement, the navigation
system may be operable to navigate the balloon to a landing
location, 1n the event the balloon needs to be removed {from
the network and/or accessed on the ground. Further, it 1s
possible that a balloon may be self-sustaining, such that 1t
theoretically does not need to be accessed on the ground. In
yet other embodiments, balloons may be serviced in-flight by
specific service balloons or another type of service aerostat or
service aircrait.

As described, movement and locations of balloons can vary
since winds 1n the stratosphere may affect the locations of the
balloons 1n a differential manner. A balloon in an example
network may be configured to change its horizontal position
by adjusting 1ts vertical position (1.e., altitude). For example,
by adjusting its altitude, a balloon may be able to find winds
that will carry the balloon horizontally (e.g., latitudinally
and/or longitudinally) to a desired horizontal location. Wind
speed and/or direction may vary with altitude, and since cur-
rent wind velocities as well as weather forecasts are available,
in principle, a balloon may be directed to a location by 1den-
tifying an altitude at which a wind direction takes a balloon to
along a desired trajectory. However, a balloon without other
forms of propulsion may be constrained to follow the wind
and there may not be a single altitude with winds taking the
balloon along the desired trajectory. In addition, to control a
fleet of balloons, movement of the balloons should occur
from one location above the surface of the Earth to another 1n
a predictable manner.

In some examples, determining a fleetplan for a fleet of
balloons may require staging balloons of the fleet into places
ahead of time such that the balloons will be able to arrive at a
landmark on time. For instance, a balloon may need to follow
a trajectory that does not contribute usefully to goals during a
first phase and a second phase such that the balloon can reach
a desired landmark at the end of a third phase. This kind of
staging may be useful when goal landmarks are spread non-
uniformly throughout a fleet’s coverage area. For example,
there may be large regions (e.g., relative to a balloon’s maxi-
mum range during a phase) requiring few or no balloons, but
which may need to be traversed in order to satisty a goal
number of balloons for other regions. Such situations arise
naturally, for example, when goal distributions are propor-
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tional to population density: there are a limited number of
people 1n the oceans, few people on many parts of land, and
many people 1n major cities.

In one case, a system may be configured to receive (or
determine) a starting location of each balloon of a fleet of
balloons and receive a sequence of coverage requirements for
the region for a planning time period. As an example, the
sequence of coverage requirements for the time period may
specily a goal number of balloons for each of a plurality of
landmarks within the region at various times T during the time
period. The system may also be configured to divide the time
period into phases based on distinct values of T 1n the
sequence of coverage requirements: a first phase may be
defined from a starting time of the time period to an earliest T;
a second phase may be defined between the end of the first
phase and a second earliest T, etc. Additionally, a set of
landmarks may be associated with the start and end of each
phase: the start of the first phase may use the mitial location of
cach of the balloons as landmarks; the end of the first phase
and the start of the second phase may share the set of land-
marks associated with the earliest T, etc.

Based on the received information, the system may be
turther configured to determine trajectories that satisty the
sequence of coverage requirements for the region. To deter-
mine the trajectories, the system may 1nitially establish pos-
sible routes for balloons within each phase. For each land-
mark at the start of a phase and for each landmark at the end
of the phase, the system may determine how close to the
end-of-phase landmark that a balloon starting from the start-
of-phase landmark could get by traveling during the phase.

FI1G. 4 1llustrates example trajectories for a balloon that 1s
traveling from a plurality of starting landmarks to a landmark
E. Specifically, FIG. 4 illustrates trajectories from each of
landmark A, B, C, D, and F to an ending landmark E. As
shown in FI1G. 4, aregion 400 has been divided 1nto a plurality
of subregions, and the landmarks A-L have been established
at the center of each subregion. Note that 1n some examples
coverage requirements may specily a goal number of bal-
loons to be located at one or more locations within the region
400, and the goal number of balloons may be added to the
nearest landmark to determine the goal number of balloons
for each landmark. For example, if an individual coverage
requirement indicates that five balloons are desired at loca-
tion L.oc1 and seven balloons are desired at location Loc2, the
desired number of balloons for landmark A may be deter-
mined to be twelve.

Additionally, although the landmarks A-L have been dis-
tributed uniformly throughout the region 400, the example 1s
not meant to be limiting. In other instances, landmarks may be
non-uniformly distributed within the region 400. For
example, 11 a region covers the entire Earth, one or more
oceans or countries may not include any landmarks.

The example trajectories may be determined based on esti-
mated or predicted wind conditions at one or more altitudes.
In the example of FIG. 4, the wind conditions are assumed to
generally include winds flowing from left-to-right with addi-
tional vaniation in the vertical direction from time T=0 to T=1.
Therefore, 1t 1s assumed that a balloon could not flow from
landmarks G-L to landmark E from time T=0 to T=1, and for

convenience, only trajectories from landmarks A, B, C, D,

and F are shown 1n FIG. 4.

In one example, a backward planner may be used to deter-
mine a measure ol how close to a target location that a balloon
could reach if the balloon was starting at another location
within a region. For example, given a target time and target
location as well as an mitial time, the backward planner may
be configured to determine, for a grid of starting locations
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within a region, a measure ol how close to the target location
a balloon could get, 11 the balloon was flying from 1nitial time
to target time.

The backward planner may consider a problem of mini-
mizing a cost function associated with a balloon path. As an
example, the cost function may be a measure of how close a
balloon gets to a target location by following a path. FIG. 5
illustrates an example cost value map where location A 1s a
starting location of a balloon, location B 1s a desired final
location, and example cost values are assigned to cells sur-
rounding location B. For a time period from T=0 to T=N, the
time period can be discretized 1n order to consider a situation
of the balloon at times T=0, 1, 2, . . ., N. The region can also
be discretized by dividing the region into a finite number of
cells. For instance, FIG. S 1llustrates a region that has been
divided 1nto a number of cells (e.g., a 10x7 grid of cells).
Although the region 1s represented as a rectangular grid, the
example 1s not meant to be limiting.

At time T=N (e.g., a final time of a plannming phase), there
1s no planning to do since the balloon will be at a final location
at this time, and a cost value can be assigned to each cell based
on a final location of the balloon. For time T=N, cost values
may be systematically assigned such that a cell in which the
desired location resides has a low cost and cells further away
may be assigned a higher cost value (e.g., the farther away
from the desired location, the higher the cost value). Thus, as
shown, a cell in which the desired location B resides can be
assigned a cost value of zero, and cost values for surrounding
cells can be assigned higher cost values based on a distance
away from the desired location cell. Cost values for all cells
can be populated 1n this manner by increasing the cost value
for a given cell based on the distance from the desired loca-
tion.

Following, cost value maps of all cells may be generated
for each time step T=0, 1, 2, . . ., N-1. To construct the cost
value maps, a map may be generated for time T=N-1, and
maps for previous times may be generated working back-
wards, such as next generating a map for time T=N-2, fol-
lowed by T=N-3, and so on.

After generating the map at time T=N, to generate a map
for a next previous time step, possible altitudes and corre-
sponding possible locations that can be reached over the time
interval from T=N-1 to T=N for a balloon present 1n every
cell at time T=N-1 can be estimated. For each cell and forone
or more altitudes, an estimation of where the balloon will
arrive by starting at that cell and flying at that altitude during
the time interval can be determined. For example, weather
predictions at time T=N-1 may indicate that, for a given cell,
different wind conditions exist for different altitudes. FIG. 6
illustrates an area divided into cells (e.g., a 10 by 7 gnid of
cells), and for a given cell labeled X, example wind vectors
A, -A. that are determined based on wind conditions at five
different altitude levels.

In some examples, wind vectors associated with different
altitudes may be the same for each cell. In other examples,
wind vectors associated with different altitudes may vary
based on the location of the cell. For each cell, an estimation
of where a balloon would travel to (e.g., destination cell) at
the end of the time period 11 the balloon started at the cell and
moved with a given wind vector 1s determined. To do so, a
direction and magnitude (e.g., speed) of the estimated wind
vector can be used to estimate a trajectory and distance that
the balloon travels, and to determine estimated destination
cells (e.2.. A (zsr-Aszsm)- F1G. 6 illustrates estimated des-
tination cells for a balloon starting at cell X, and moving with
one of the five wind vectors A, -A.. Example simulations can
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be performed to simulate movement of the balloons due to the
estimated wind directions and speed, for example.

In some examples, further estimations may be made by a
balloon traveling at a first altitude for a portion of a time
interval and then changing to a second altitude for a remain-
der of the time 1nterval. It could be possible that by traveling
at any given number of combinations of altitudes, the winds
may be able to carry the balloon to a desired location over the
time 1nterval.

As shown 1n the example in FIG. 6, wind vector A, results
in the balloon reaching a closest proximaity to the desired final
location B at time T=N. Cost values for the balloon traveling
along the wind vectors A ;-A . may be determined based on the
stored cost values at T=N for the destination cells A, z¢7-As
=sT. For example, the wind vector A, may be assigned a
value of zero, and cost values for a remainder of the wind
vectors may be assigned higher cost values for causing the
balloon to travel to a location further away from the desired
destination (e.g., such as a A, having cost of one, A having
cost of four, A, having cost of two, and A, having cost of
three).

An altitude that results 1n a smallest cost value can be
determined, and the altitude and cost value can be stored for
the cell X for time T=N-1. Thus, 1n the example described,
for cell X at time T=N-1, a balloon 1n cell X that has a desired
destination location B at time T=N can be instructed to travel
at altitude A ;. The same determinations may be performed for
cach cell of the area.

The process above may be repeated to determine cost value
maps for time mnterval T=N-2 based on predicted wind con-
ditions for T=N-2 to T=N-1 and the stored cost values for
T=N-1. Further, the process may be repeated for time 1nter-
vals T=N-3, T=N-4, and so on until T=0. In some examples,
cach cell of a given map has estimates of directions that are
based on estimates of directions as determined for a subse-
quent time interval. This enables planning for a balloon to
take a given path at a first time interval so that the balloon will
be at a location needed during the next time interval to take
appropriate action, and so on.

Referring back to the example illustrated by FIG. 4, the
backward planner may be able to determine, for each starting
landmark A-L., a minimum distance from landmark F that a
balloon could get, 11 the balloon was flying from T=0 to T=1.
For example, a cost value for each of landmarks A-L may be
proportional to a distance such that a given cost value can be
converted to a given three-dimensional distance. The back-
ward planner may also be able to determine, for each starting
landmark A-L, which altitude a balloon should fly at T=0 1n
order to get as close as possible to the landmark E by T=1.

The backward planner 1s provided as one example mecha-
nism for establishing possible routes between landmarks dur-
ing a phase. However, other mechanisms that can determine,
for a particular staring location/time and an ending location/
time, how close to the ending location a balloon can get in the
time period allotted, based on predicted wind velocities atone
or more altitudes may also be utilized.

In some examples, filtering heuristics may also be applied
to further refine the possible routes between landmarks dur-
ing a phase. FIGS. 7TA-7B illustrate examples of determining
a set of starting landmarks from which a balloon could reach
a landmark F.

In one example, thresholding may be used to impose a
notion of how close to a target landmark that a balloon needs
to be able to get in order to be considered to be capable of
reaching the landmark. For example, a set of starting land-
marks may be selected based on a comparison between the
minimum distances associated with paths from landmarks
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A-D and F and a threshold distance. Based on the trajectories
shown 1n FIG. 7A, balloons traveling from landmarks A, B,
and F could get within a threshold distance 702 of the land-
mark E. Therefore, the landmarks A, B, and F may be retained
as a set of starting landmarks from which a balloon could
reach the landmark E, while the landmarks D and C may be
removed.

In another example, a set of starting landmarks may be
selected based on a confidence of reaching a target landmark
from a starting landmark and/or a cost value associated with
flying to the target landmark from a starting landmark. As
shown in F1G. 7B, each path from starting landmarks A-D and
F includes an associated probability, as indicated by a per-
centage on a scale of 1 to 100. The probability may be deter-
mined based on the variability of one or more wind conditions
(e.g., wind direction and/or speed). In one example, based on
the associated probabilities, landmarks A and B and C may be
selected as a set of possible starting landmarks because their
associated probabilities are greater than a confidence thresh-
old (e.g., 85%).

Additionally, as shown 1n FIG. 7B, each path from starting
landmarks A-D and F includes an associated cost, as indicated
by a dollar amount. In one example, the cost may be associ-
ated with a cost in power that 1s necessary to adjust the altitude
of a balloon to reach one or more altitudes during the path.
Accordingly, a set of starting landmarks may be selected
based on a comparison between the cost values associated
with each starting landmark and a cost threshold. For
instance, starting landmark B may be selected as the only
possible starting landmark because the path associated with
landmark B has the only associated cost that is below 38.

In st1ll another example, a set of starting landmarks may be
determined from among the possible starting landmarks by
retaining the top N number of starting landmarks (e.g., sorted
to prefer minimum distances from within the target landmark
that a balloon could get). It 1s contemplated that one or any
combination of the described filtering heuristics may be used
to determine a set of starting landmarks from which a target
landmark may be reached.

FIG. 8 1llustrates an example graph 800 of possible routes
between a plurality of landmarks in accordance with an
example embodiment. Continuing with the example from
FIG. 4, landmarks A-F are provided. Each edge between two
landmarks represents a trajectory a balloon could follow to
get from a landmark at the beginning of a phase to a landmark
at the end of the phase. For instance, a balloon at landmark A
at time T=0 may be able to get to landmark D or E by time
T=1. Additionally, a balloon at landmark A at time T=1 may
be able to get to landmark D or E by time T=2. Note that
although the edges for phase 1 are the same as the edges for
phase 2 1n FIG. 8, 1n other examples, edges may vary among,
phases.

Once the graph 1s constructed, an optimization method
may be used to choose how many balloons flow across each
connection in the graph (1.e., from each starting landmark to
cach ending landmark) during each phase. The optimization
method may be configured to obey one or more consistency
constraints. For example, a number of vehicles leaving a
landmark 1n phase P may be set to be the same as the number
of balloons that arrived at that landmark at the end of phase
P-1. As another example, a number of vehicles at any land-
mark or traveling along any edge cannot be negative.

If the sequence of coverage requirements 1s treated as strict
requirements, the problem of determining trajectories for the
fleet may be considered a constraint satisfaction problem,
where optimization means solving the constraint graph sub-
ject to the constraint that each goal 1s satisfied. I1 it 1s allow-
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able to sometimes leave some goals unsatisfied, the problem
may be considered an optimization problem: find the configu-
ration that, for example, minimizes the number of unsatisiied
goals, or some other measure of the goals” dissatisfaction.

Such a problem can be solved using a variety of methods,
including as a linear program, as a minimum-cost-flow prob-
lem, via gradient descent, via stochastic optimization, or
using other existing or future developed methods.

For instance, the problem may be solved as a linear pro-
gram. In one case, the goal for the linear program 1s to take a
time-varying description of how many balloons are desired at
cach landmark (*the goal distribution”), the nitial location of
cach balloon, and a summary of which goal landmarks are
reachable from which other landmarks at a given time, along,
with a measure of how accurately a balloon can be expected
to reach a goal landmark, and determine a fleet-wide policy
that maximizes a likelihood of satistying the goal distribu-
tion. Note that the goal distribution 1s not concerned with
determining where any particular balloon goes, but rather that
the correct numbers of balloons are 1n the correct areas at each
phase.

To solve the problem as a linear program, constants, vari-
ables, and constraints may be defined.

The constants may include:

starting AtOrigin[origin|=the 1nitial distribution; the num-
ber of balloons at each location at the beginning of a
planning period

required AtGoal[phase, goal]=the goal distribution; how
many balloons desired at each goal at the end of each
phase

score[phase, origin, goal]=accuracy estimate for the path
from origin to goal during phase.

The variables may include:

Alphase, origin, goal|=how many vehicles move from or1-
gin to goal during phase; defined only 11 1t 1s possible to
reach the goal from the origin given the wind at that
phase.

atGoal[phase, goal|=the number of balloons at goal at the
end of phase

deficit[phase, goal]=the number of balloons by which the
goal distribution was under-satisfied at goal at the of
phase, that 1s: max(0, required AtGoal-atGoal).

The constraints may include:

Non-negative tlow
Vorigin,Vgoal, Vphase:0<A[phase, origin, goal]

Conservation on the origin side
Vorigin:X _  A[0, origin, goal]=startingAtOrigin|[ori-

gin|
Vorigin,Vphase>0:2
[phase—1, origin]
Conservation on the goal side

goa

Alphase, origin, goal]=atGoal

goal

Vgoal,Vphase:atGoal[phase, goal]=2,_,, ., Al[phase, ori-
gin, goal]
Non-negative deficits
Vgoal,Vphase:0=<deficit[phase, goal]
Vgoal,Vphase:requiredAtGoal [phase, goal]=atGoal

[phase, goal]+deficit[phase, goal]
Based on the constants, variables, and constraints defined
above, a linear program solver may be used to minimize the
example objective function shown below:

a Cerrar(zphasezgm]deﬁ':it [phﬂSEﬁ ?gﬂﬂl] )+(1 o CL) (Ephase'
2 rigingoaSCOre[phase,origin,goal]4 [phase,ori-

gin,goal])

The objective function penalizes tleet plans that put less
than the minimum number of balloons at some landmark; for
cach balloon fewer than desired, the penalty goes up. The
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optimal plan, therefore, 1s the plan that minimizes the objec-
tive function. An additional term 1s also included that mini-
mizes a measure of how close to a target landmark that each
balloon can get. For instance, the additional term seeks to
mimmize the sum of the score constant for each path tra-
versed. The additional term causes the linear program solver
to prefer accurate trajectories and penalize trajectories that do
not reliably deliver the balloon directly to a goal landmark.

In the example objective tunction, c_,,_.1s a weight param-
cter and a may be another parameter that i1s used to adjust the
relattve importance of minimizing the number of missed
goals versus preferring accurate trajectories. For instance,
increasing a-c_,, . may cause the linear program solver to
prefer tleet trajectories that satisiy a goal distribution better, at
the cost of being willing to use less accurate flight paths. Also,
increasing (1-o) may cause the linear program solver to
prefer fleet plans that use accurate/reliable flight paths, at the
cost of bemng willing to leave more of a goal distribution
unsatisfied.

In further examples, the score constant may be ameasure of
a confidence associated with whether a balloon traveling from
origin could reach goal during phase. For instance, the mea-
sure of confidence may be a probability that 1s determined
based on the variability of one or more wind conditions (e.g.,
wind direction and/or speed). In addition, the configuration of
the linear program could further be modified such that the
number of balloons atGoal 1s an expected number of balloons
that 1s determined based on the probabilities of each balloon
reaching the goal landmark. For example, 1f a balloon has a
75% chance of reaching a goal landmark, the balloons con-
tribution to atGoal may be 0.75 balloons instead of 1 balloon.

In another variant, the score constant may be replaced or
augmented with a measure of cost associated with a path from
origin to goal during phase. For instance, the cost may be a
cost-in-dollars, cost-in-power, or other cost measure. The
linear program solver may then be configured to minimize
total cost in the determined trajectories.

After the number of balloons to travel to each landmark
during each phase has been solved for, a respective series of
landmarks for each balloon to travel to over the period of time
may be determined. In one example, for a first phase, each
balloon may travel from 1ts initial location to a first landmark
as determined by the solution to the optimization problem.
After considering which landmark that each balloon travels to
during the first phase, the numbers of balloons that travel to
cach respective landmark may be used to determine which
landmark that each balloon should travel to during the second
phase.

An example determination of which landmark that each
balloon should travel to 1s described with respect to FIGS. 9A
and 9B. As shown 1n FIG. 9A, a solution to the optimization
problem may indicate that, during a first phase, four balloons
travel from a first landmark 902 to a second landmark 904 and
five balloons travel from a third landmark 906 to the second
landmark 904. The solution may further indicate that six
balloons travel from the second landmark 904 to a fourth
landmark 908 during the second phase and three balloons
travel from the second landmark 904 to a fifth landmark 910
during the second phase. Thus, the number along each edge 1n
FIG. 9A represents a number of balloons traveling along that
edge.

In one example, based on the numbers of balloons traveling
along each edge, six of the balloons that traveled to the second
landmark 904 during the first phase may be assigned to travel
to the fourth landmark 908 during the second phase and three
of the balloons that traveled to the second landmark 904
during the first phase may be assigned to travel to the fifth
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landmark 910 during the second phase. As shown 1n FIG. 9B,
cach arrow represents an individual balloon’s trajectory. The
example trajectories are not meant to be limiting and other
configurations are also possible.

The determination may be repeatedly performed for each
landmark and each subsequent phase, based on which bal-
loons were assigned to travel to the landmark in a previous
phase. As a result, a respective series of landmarks for each
balloon to travel to may be found. In some examples, detailed
trajectories for each balloon may also be determined by simu-
lating the path of each balloon as the balloon travels to each
landmark and follows one or more winds at one or more
altitudes.

FIG. 10 illustrates example trajectories for each of a plu-
rality of balloons. The plurality of balloons may travel
through a region 1000 that 1s characterized by a plurality of
landmarks. For each trajectory, the location of the corre-
sponding balloon at T=1, T=2, and T=3 is noted. As shown 1n
FIG. 10, a first balloon, that 1s mitially located at Locl, may
be assigned to travel to landmarks D, G, and J. Based on the
estimated winds for the region 1000, the first balloon may be
expected to follow the path represented by the solid line.
Similarly, a trajectory for a second balloon that 1s assigned to
travel from Loc2 to landmark E, from landmark E to land-
mark H, and from landmark H to landmark K 1s shown.
Additionally, a trajectory for a third balloon that 1s assigned to
travel from L.oc3 to landmark F, from landmark F to landmark
I, and from landmark I to landmark K 1s shown.

It may also be desirable to evaluate or plan for the distri-
bution of the balloons as each of the balloons pass between
landmarks. In one case, an administrator might desire the fleet
of balloons to not have any point (e.g., a point on the Farth, or
a point within the stratosphere) to be more than a set distance
from at least N balloons. This may allow the fleet of balloons
to provide a desired sensor coverage, or to provide continuous
wireless communication coverage for a region (or multiple
regions). In another example, an admimstrator might wish to
have every balloon be located within a set distance of at least
N other balloons. Such a configuration may enable the fleet of
balloons to maintain a balloon-to-balloon communication
network. These types of immediate goals may be imple-
mented using reactive, real-time control systems, such as
flocking algorithms.

Flocking behavior may be described as the collective
motion of a large number of seli-propelled elements that 1s
exhibited by many living beings, such as birds of a flock, fish,
bacteria, and insects. Simulations, models, and algorithms
that have been developed to emulate the flocking behaviors of
living beings have also been applied to control the “flocking™
behavior of other elements.

In some instances, the tlocking behavior arises from rules
that are followed by individual elements, 1n the absence of
any central coordination. As an example, a flocking model
may be governed by three rules: separation, alignment, and
cohesion. Separation may cause each element to avoid crowd-
ing neighboring elements. Alignment may cause each ele-
ment to steer towards an average heading of one or more
neighboring elements. Cohesion may cause each element to
steer towards an average position of one or more neighboring
clements. Thus, based on the spatial relationship between an
clement and one or more neighboring elements and/or or the
behavior of one or more neighboring elements, each element
may make a flocking-based control choice. FIG. 11 provides
an example method that allows information from a long-term
plan to be incorporated into a flocking-based control choice
for each vehicle of a plurality of vehicles.
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FIG. 11 1s an example block diagram of a method 1100 to
determine a flocking-based direction of travel. Method 1100
shown 1n FIG. 11 presents an embodiment of a method that,
for example, could be used with the balloon networks 100 and
204, for example, and may be performed by adevice, a server,
a control station, a balloon, or a combination of any compo-

nents of the balloon networks 100 and 204. Method 1100 may
include one or more operations, functions, or actions as 1llus-
trated by one or more of blocks 1102-1108. Although the

blocks are illustrated in a sequential order, these blocks may
in some 1nstances be performed in parallel, and/or 1n a differ-
ent order than those described herein. Also, the various blocks
may be combined into fewer blocks, divided into additional
blocks, and/or removed based upon the desired implementa-
tion.

In addition, for the method 1100 and other processes and
methods disclosed herein, the flowchart shows functionality
and operation of one possible implementation of present
embodiments. In this regard, each block may represent a
module, a segment, or a portion of program code, which
includes one or more instructions executable by a processor
for implementing specific logical functions or steps in the
process. The program code may be stored on any type of
computer readable medium, for example, such as a storage
device including a disk or hard drive. The computer readable
medium may include a non-transitory computer readable
medium, for example, such as computer-readable media that
stores data for short periods of time like register memory,
processor cache and Random Access Memory (RAM). The
computer readable medium may also include non-transitory
media, such as secondary or persistent long term storage, like
read only memory (ROM), optical or magnetic disks, com-
pact-disc read only memory (CD-ROM), for example. The
computer readable media may also be any other volatile or
non-volatile storage systems. The computer readable medium
may be considered a computer readable storage medium, a
tangible storage device, or other article of manufacture, for
example.

In addition, for the method 1100 and other processes and
methods disclosed herein, each block 1n FIG. 11 may repre-
sent circuitry that 1s wired to perform the specific logical
functions in the process.

At block 1102, the method 1100 includes receiving a
sequence ol coverage requirements for a region and an asso-
ciated period of time. An individual coverage requirement
may 1ndicate a desired distribution (e.g., a geographic distri-
bution) of vehicles among the region at a respective time
period within the period of time. In one example, each cov-
crage requirement may be specified in the form of a goal
distribution. For instance, the goal distribution may be deter-
mined based on population densities for different parts of the
region or short-term coverage demands for one or more loca-
tions within the region.

At block 1104, the method 1100 includes, based on the
sequence of coverage requirements, determining a respective
sequence of intended destinations for each of one or more
vehicles of a fleet of vehicles to travel to over the period of
time. In one example, a sequence of intended destinations for
cach balloon of a fleet of balloons may be determined by
receiving the sequence of intended destinations from a server
or database. In another example, a linear objective function
may be minimized to determine a number of vehicles to travel
from each respective landmark to each additional landmark.
The linear objective function may take 1nto account possible
routes between each landmark for each phase as well as other
consistency constraints to determine the numbers of vehicles.
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Based on the determined numbers of vehicles, a sequence of
landmarks for each of one or more vehicles may be deter-
mined.

At block 1106, the method 1100 includes, based on a
determined sequence of intended destinations for a vehicle of
the one or more vehicles and based on a desired spatial rela-
tionship between the vehicle and one or more neighboring
vehicles for a given time period, determining a flocking-based
direction of travel for the vehicle for the given time period. In
one example, a flocking algorithm may be modified to deter-
mine the flocking-based direction of travel for each vehicle
based on a derived target distribution. In another example, the
flocking algorithm may be modified to determine the tlock-
ing-based direction of travel for each vehicle based on a
preferred direction of travel that 1s indicated by a control
policy for each vehicle. In etther example, the modified flock-
ing algorithm determines flocking-based directions of travel
that achieve immediate goals (e.g., a desired spatial relation-
ship between a vehicle and one or more neighboring vehicles)
while incorporating the staging and long-term planning asso-
ciated with the sequence of coverage requirements.

As described above, a flocking algorithm may be governed
by one or more tlocking rules. Each of the rules may be
considered to determine one or more components contribut-
ing to the determined tlocking behavior (e.g., speed and direc-
tion) for a vehicle. FIGS. 12A and 12B are conceptual 1llus-
trations of flocking behaviors. As shown in FIGS. 12A and
12B, a flocking-based direction of travel for an individual
vehicle 1200 may be determined based on a spatial relation-
ship between the individual vehicle 1200 and one or more
neighboring vehicles 1202A-D that are within a threshold
distance of the individual vehicle 1200. The threshold dis-
tance may be a configurable parameter that controls which
other vehicles the flocking behavior of the individual vehicle
1200 1s dependent upon. In FIGS. 12A and 12B, the circle
1204 represents the boundary of the threshold distance. Thus,
the flocking behavior of the individual vehicle 1200 may be
dependent upon the behavior (e.g., position and/or velocity)
of neighboring vehicles 1202A-D.

In some 1nstances, 1t may be desirable to keep a specified
amount of space between the individual vehicle 1200 and the
neighboring vehicles 1202A-D. In order to do so, a determi-
nation may be made whether any of the neighboring vehicles
1202 A-D are within a separation distance, represented by the
dotted circle 1206, of the individual vehicle 1200. If any of the
neighboring vehicles 1202 A-D are within the separation dis-
tance, the individual vehicle 1200 may be caused to move in
an opposite direction of the direction to the neighboring
vehicle(s). As shown 1n FIG. 12A, as a result of the spatial
relationship between the individual vehicle 1200 and the
neighboring vehicle 1202C, the individual vehicle may be
caused to move 1n a direction 1208 that 1s opposite to the
direction towards the neighboring vehicle 1202C. The direc-
tion 1208 may be one component of the tlocking-based direc-
tion of travel for the individual vehicle 1200.

In other instances, it may be desirable to keep the i1ndi-
vidual vehicle 1200 close to other vehicles. In order to do so,
the position of each of the neighboring vehicles 1202A-D
may be determined and averaged. The individual vehicle
1200 may then be caused to move towards the average posi-
tion of the neighboring vehicles 1202A-D. As shown 1n FIG.
12B, the individual vehicle 1200 may be caused to move
towards the average position 1210, and a direction 1212
towards the average position 1210 may be another component
of the flocking-based direction of travel for the individual

vehicle 1200.
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Additionally, the individual vehicle 1200 may be caused to
head 1n the same direction as the neighboring vehicles

1202A-D. To do so, the average of each of the headings of the
neighboring vehicles 1202A-D may be determined. In FIG.
12B, the average heading of the neighboring vehicles

1202A-D 1s represented by the direction 1214.
Any of the directions 1208, 1212, and 1214 may be com-
bined to determine the flocking-based direction of travel for

the individual vehicle 1200. Further, each of the directions

1208, 1212, and 1214 may include an associated weighting
parameter that impacts the relative importance of each of the

directions 1208, 1212, and 1214 when the directions are

combined to determine a net tlocking-based direction.

The flocking behaviors described with reference to FIGS.
12 A and 12B may be determined 1n real-time, as the vehicles
are traveling throughout a region. For instance, each of the
directions 1208, 1212, and 1214 may be re-determined peri-
odically, at a fixed interval. However, 1t may also be desirable
to 1incorporate long-term staging and planning goals into a
flocking-based control choice that 1s made for each vehicle.

In one example, a flocking algorithm may be configured to
incorporate a target distribution. For instance, a target distri-
bution for various points in time may be determined based on
the long-term plan for each vehicle. An example method for
determining a target distribution 1s described with respect to
FIGS. 13A and 13B.

A system may be configured to determine a detailed tra-
jectory for each vehicle based on a respective series of land-
marks that each vehicle 1s assigned to travel to over a period
of time. Given the detailed trajectory for each vehicle, the
system may then be able to determine a target distribution for
any time period of the period of time. Initially, the location of
cach vehicle at the time period may be determined from the
detailed trajectory for each vehicle. FIG. 13 A illustrates esti-
mated locations of each vehicle of a fleet of vehicles. In FIG.
13 A, each X represents a location of a vehicle within a region
1300 at time T=2.

FI1G. 13B 1llustrates a derived target distribution 1302 that
1s determined based on the estimated locations of FIG. 13A.
In one example, to determine the target distribution 1302 for
the time T=2, the region 1300 may be divided into a plurality
of cells. Inttially, the value of each cell may be set to zero (1.e.,
an empty distribution). For each vehicle, the distribution in a
neighborhood around each vehicle’s location may be incre-
mented. For example, for a first vehicle 1304, the value for the
cell that the vehicle 1s located 1n, as well as cells above, below,
to the left, and to the right of the cell may be increased by 0.2.
Additionally, the process may be repeated for each additional
vehicle within the region 1300.

The contribution by each vehicle within the neighborhood
around the vehicle may be uniform or non-uniform. For
instance, the shape of the contribution 1s a tunable parameter.
The spatial size of the neighborhood may also be a tunable
parameter. Additionally, the total contribution from each
vehicle may be set to one vehicle, or to a different amount.
Mathematically, the process of determining a target distribu-
tion from each vehicle’s location may be referred to as con-
volving each vehicle’s location with an interest kernel. For
instance, the interest kernel may be an 1sotropic Gaussian.

Some flocking algorithms may be capable of directly
incorporating a target distribution for each time period. At
cach time period, the flocking algorithm may bias the direc-
tion of each vehicle such that the vehicles are arranged 1n a
distribution that 1s similar to a target distribution. In other
cases, parameters of the flocking algorithm may be adjusted
based on values of the target distribution. FIG. 14 1s another
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example block diagram of a method 1400 to determine a
flocking-based direction of travel.

At block 1402, a series of landmarks for each vehicle to
travel to may be determined. At block 1404, the trajectory for
cach vehicle may be simulated based on the series of land-
marks that each vehicle 1s expected to travel to. At block 1406,
a target distribution may be determined for a given time
period. For each vehicle, a flocking-based direction may be
determined for the given time period. To do so, a vehicle may

be selected and a location of the vehicle may be determined at
block 1408. At block 1410, a desired inter-vehicle distance

and/or a desired number of neighboring vehicles may be
determined by referencing the target distribution. For
example, the desired inter-vehicle distance can be adjusted to
prefer a shorter distance it the location of the vehicle 1s a
location where the target distribution indicates a greater
vehicle density 1s needed. In one case, the inter-vehicle dis-
tance may be mversely proportional to the vehicle density.
Similarly, the desired number of neighboring vehicles may be
selected by determining the density of the target distribution
at a location of the vehicle. If the location 1s a location where
the target distribution indicates a greater vehicle density 1s
needed, the number of neighboring vehicles may be
increased.

At block 1412, a flocking-based direction may be deter-
mined. In some examples, the desired inter-vehicle distance
and/or number of neighboring vehicles may be used to adjust
parameters of the flocking algorithm. For example, the inter-
vehicle distance may be the separation distance described in
FIG. 12A. Further, to increase the number of neighboring
vehicles, the threshold distance that governs which other
vehicles that an individual vehicle’s behavior 1s dependent
upon may be increased and/or the separation distance may be
decreased.

In other examples, a flocking algorithm may be configured
to recerve a preferred direction of travel and bias a vehicle to
travel 1n the preferred direction. FIG. 135 1s still another
example block diagram of a method 1500 to determine a
flocking-based direction of travel. Initially, at block 1502, a
series of landmarks for each vehicle to travel to may be
determined. Subsequently, at block 1504, a control policy
and/or fitness values may be determined for each vehicle.

A system may derive a control policy for each vehicle to
satisiy its series of landmarks to travel to. For example, the
control policy may specily, for each location within a region,
the preferred direction of travel in order to get as close as
possible to the next intended landmark or as close as possible
to as many of the remaining landmarks in a series of land-
marks as possible. Optionally the control policy may vary
over time. For instance, at a first time period, the control
policy may indicate the preferred direction of travel 1in order
to get as close as possible to a first landmark while at a second
time period, the control policy may indicate a different pre-
terred direction of travel in order to get as close as possible to
a next landmark. The backward planner described with
respect to FIGS. 5 and 6 may be used to determine a preterred
direction of travel for each location of a grid of locations of a
region based on a desired target location.

The system may also derive a fitness value for each location
rather than or 1 addition to an explicit control policy. For
example, the fitness value for a location may be proportional
to a distance from a goal landmark that a vehicle could reach
by starting from the location. The optimal policy for a vehicle
at a particular location may then be the action among the
currently available actions that leads to the location with the
best fitness value.
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At block 1506, an individual vehicle may be selected and
the location of the vehicle may be determined. Then, at block
1508, a preferred direction of travel for the vehicle may be
determined. For instance, the preferred direction of travel
may be determined by looking up the preferred direction of
travel 1n the control policy for the vehicle based on the loca-
tion of the vehicle. Alternatively, the preferred direction of
travel may be found by determining the direction of travel that
leads the vehicle to a location having a best fitness value (e.g.,
a minimum fitness value).

In some examples, rather than using just a vehicle’s loca-
tion, the control policy for the vehicle may also be encoded in
terms of a vehicle’s extended configuration. For example, the
extended configuration may include the vehicle’s location as
well as other status information (e.g., remaining fuel reserves,
age, health, etc.). In such an example, the vehicle’s configu-
ration may then be used to look up the preferred direction of
travel 1n the control policy.

At block 1510, a flocking-based direction of travel for the
vehicle may be determined. For instance, the flocking algo-
rithm may receive as mput the preferred direction of travel.
The preferred direction of travel may bias the flocking algo-
rithm to determine a tlocking-based direction that moves the
vehicle 1n the preferred direction of travel. For instance, the
preferred direction of travel may be a component direction
that 1s combined with other component directions (e.g., com-
ponents that are determined based on the spatial relationship
between the individual vehicle and one or more neighbor
vehicles and/or based on the behavior of one or more neigh-
boring vehicles) to determine a net flocking-based direction.

In an example in which fitness values are determined for
cach vehicle and for each location of a region, the fitness
values may also allow the flocking algorithm to consider how
sub-optimal a different direction would be. For instance, a
fitness value associated with a direction in which the flocking
algorithm proposes that the vehicle heads may indicate that
heading 1n the proposed direction may cause the vehicle to
miss an intended goal landmark. In some examples, the flock-
ing algorithm may be configured to only allow vehicles to
deviate from an optimal direction of travel when the devia-
tion’s fitness value meets certain criteria (e.g., a difference
between an optimal fitness value and a fitness value associ-
ated with the deviation 1s less than a threshold).

Any of the methods 1100, 1400, and 1500 may further
include providing an instruction to each vehicle to travel 1n
the flocking-based direction of travel. In an example 1n which
vehicles of the plurality of vehicles include a balloon within a
data network, each vehicle may be instructed to tly at a spe-
cific altitude. In other examples, an mstruction can be sent to
the balloon to indicate to change an altitude, and the 1nstruc-
tion may be sent when the altitude change 1s needed.

In some examples, any of the methods 1100, 1400, and
1500 or portions of the methods 1100, 1400, and 1500 may be
performed by a ground-based station (e.g., the ground-based
station 112 1n FIG. 1) or a central system (e.g., the central
control system 200 in FIG. 2), and mstructions can be pro-
vided to mndividual vehicles. In other examples, the methods
1100, 1400, and 1500 or portions of the methods 1100, 1400,
and 1500 may be performed by the vehicles themselves, or by
processors or computing devices residing on the vehicle, for
example. The vehicles may receive any necessary informa-
tion for performing the methods 1100, 1400, or 1500 from a
server or ground-base station or from other vehicles. In fur-
ther examples, any of the methods 1100, 1400, and 1500 may
be performed by a combination of the vehicles and by ground-
based stations, and each may be 1n communication so as to
perform functions of the method 1100.
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In some 1nstances, the methods 1100, 1400, and 1500 or a
portion of the methods 1100, 1400, and 1500 may be subse-
quently re-executed to determine subsequent flocking-based
directions of travel. For instance, the methods 1100, 1400,
and 1500 may be performed at a new time period for any
vehicles of a fleet of vehicles as the spatial relationship
between each vehicle and one or more neighboring vehicles
changes.

It should be understood that arrangements described herein
are Tor purposes of example only. As such, those skilled 1n the
art will appreciate that other arrangements and other elements
(e.g. machines, interfaces, functions, orders, and groupings of
functions, etc.) can be used 1nstead, and some elements may
be omitted altogether according to the desired results. Fur-
ther, many of the elements that are described are functional
entities that may be implemented as discrete or distributed
components or in conjunction with other components, in any
suitable combination and location.

While various aspects and embodiments have been dis-
closed herein, other aspects and embodiments will be appar-
ent to those skilled 1n the art. The various aspects and embodi-
ments disclosed herein are for purposes of illustration and are
not mtended to be limiting, with the true scope being indi-
cated by the following claims, along with the full scope of
equivalents to which such claims are entitled. It 1s also to be
understood that the terminology used herein 1s for the purpose
of describing particular embodiments only, and 1s not
intended to be limiting.

What 1s claimed 1s:

1. A method comprising;:

receving a sequence ol coverage requirements for aregion

and an associated period of time, wherein the region 1s
characterized by a plurality of landmarks, and wherein
individual coverage requirements of the sequence of
coverage requirements indicate a desired number of
vehicles for different landmarks of the plurality of land-
marks at a respective time period within the period of
time;

determining, by a processor, a respective sequence of

intended destinations for each of one or more vehicles of
a fleet of vehicles to travel to over the period of time to
satisty the sequence of coverage requirements; and
determiming, by the processor, a flocking-based direction
of travel for a vehicle of the one or more vehicles and a
given time period based on: (a) a determined sequence of
intended destinations for the vehicle and (b) a desired
spatial relationship between the vehicle and one or more
neighboring vehicles for the given time period.

2. The method of claim 1, further comprising nstructing,
the vehicle to travel 1n the flocking-based direction.

3. The method of claim 1, further comprising:

determining a target geographic distribution of vehicles for

the given time period using a determined sequence of
intended destinations for each of a plurality of vehicles
of the fleet of vehicles: and

determiming the desired spatial relationship between the

vehicle and one or more neighboring vehicles for the
given time period based on a location of the vehicle and
a density of the target geographic distribution for the
location.

4. The method of claim 3, wherein determining the target
geographic distribution for the given time period using a
determined sequence of itended destinations for each of a
plurality of vehicles comprises:

determining a trajectory for each vehicle over the period of

time using the determined sequence of intended desti-
nations for the vehicle;:
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determining an estimated location of each vehicle for the
given time period based on the determined trajectory for
each vehicle; and

determining the target geographic distribution based on the

estimated location of each vehicle for the given time
period.

5. The method of claim 1, wherein the desired spatial
relationship between the vehicle and one or more neighboring
vehicles for the given time period comprises a desired mini-
mum inter-vehicle distance between the vehicle and each of
the one or more neighboring vehicles.

6. The method of claim 1, wherein the desired spatial
relationship between the vehicle and one or more neighboring,
vehicles for the given time period comprises a desired mini-
mum number of vehicles to be located within a threshold
distance of the vehicle.

7. The method of claim 1, further comprising;

based on the determined sequence of intended destinations

for the vehicle, determining a control policy for the
vehicle, wherein the control policy for the vehicle indi-
cates a direction of travel for the vehicle based on a
location of the vehicle; and

determining the flocking-based direction of travel for the

vehicle for the given time period based on the control
policy for the vehicle and the desired spatial relationship
between the vehicle and one or more neighboring
vehicles for the given time period.

8. The method of claim 7, wherein vehicles of the fleet of
vehicles include a balloon within a data network that 1s oper-
able to provide data communication via optical or radio-
frequency links, and the method further comprises:

determining the control policy for the vehicle based on

estimated winds at one or more altitudes that the vehicle
could follow.
9. The method of claim 1, wherein the region 1s divided 1nto
a plurality of cells, and the method further comprises:
based on the determined sequence of intended destinations
for the vehicle, determining respective fitness values for
cach cell of the plurality of cells, wherein a respective
fitness value 1s based at least in part on a distance from an
intended destination that the vehicle could reach by
starting from a given cell of the plurality of cells;

determining the tlocking-based direction of travel for the
vehicle for the given time period based on the deter-
mined fitness values and the desired spatial relationship
between the vehicle and one or more neighboring
vehicles for the given time period.

10. The method of claim 9, further comprising determining
the tlocking-based direction of travel for the vehicle for the
given time period based at least in part on a direction to a cell
having a minimum {fitness value and on the desired spatial
relationship between the vehicle and one or more neighboring,
vehicles for the given time period.

11. The method of claim 1, wherein vehicles of the fleet of
vehicles include a balloon within a data network that 1s oper-
able to provide data communication via optical or radio-
frequency links.

12. The method of claim 1, wherein determining a respec-
tive sequence of intended destinations for each of one or more
vehicles of a fleet of vehicles to travel to over the period of
time to satisiy the sequence of coverage requirements com-
Prises:

determining for each of one or more phases during the

period of time, a number of vehicles to travel between
one or more respective landmarks of the plurality of
landmarks and one or more additional landmarks of the
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plurality of landmarks during the phase to satisiy the
sequence of coverage requirements; and

determining the respective sequence of mtended destina-

tions for each of the one or more vehicles of the fleet of
vehicles to travel to over the period of time based on the
determined number of vehicles for the one or more
phases.

13. A non-transitory computer-readable storage medium
having stored therein instructions, that when executed by a
computing device, cause the computing device to perform
functions comprising:

receving a sequence ol coverage requirements for a region

and an associated period of time, wherein the region 1s
characterized by a plurality of landmarks, and wherein
individual coverage requirements of the sequence of
coverage requirements indicate a desired number of
vehicles for different landmarks of the plurality of land-
marks at a respective time period within the period of
time;

determining a respective sequence of intended destinations

for each of one or more vehicles of a fleet of vehicles to
travel to over the period of time to satisty the sequence of
coverage requirements; and

determining a flocking-based direction of travel for a

vehicle of the one or more vehicles and a given time
period based on: (a) a determined sequence of intended
destinations for the vehicle and (b) a desired spatial
relationship between the vehicle and one or more neigh-
boring vehicles for the given time period.

14. The non-transitory computer-readable storage medium
of claim 13, wherein the functions further comprise:

determining a target geographic distribution of vehicles for

the given time period using the determined sequence of
intended destinations for each of a plurality of vehicles
of the fleet of vehicles:; and

determining the desired spatial relationship between the

vehicle and one or more neighboring vehicles for the
given time period based on a location of the vehicle and
a density of the target geographic distribution for the
location.

15. The non-transitory computer-readable storage medium
of claim 13, wherein the functions further comprise:

based on the determined sequence of intended destinations

for the vehicle, determining a control policy for the
vehicle, wherein the control policy for the vehicle indi-
cates a direction of travel for the vehicle based on a
location of the vehicle; and

determining the flocking-based direction of travel for the

vehicle for the given time period based on the control
policy for the vehicle and the desired spatial relationship
between the vehicle and one or more neighboring
vehicles for the given time period.

16. The non-transitory computer-readable storage medium
of claim 13, wherein the desired spatial relationship between
the vehicle and one or more neighboring vehicles for the
given time period comprises one or more of: a desired mini-
mum inter-balloon distance between the vehicle and each of
the one or more neighboring vehicles; and a desired minimum
number of vehicles to be located within a threshold distance
of the vehicle.

17. A system, comprising:

at least one processor; and

data storage comprising program instructions executable

by the at least one processor to cause the system to

perform functions comprising;:

receiving a sequence ol coverage requirements for a
region and an associated period of time, wherein the
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region 1s characterized by a plurality of landmarks, determiming the desired spatial relationship between the
and wherein individual coverage requirements of the vehicle and one or more neighboring vehicles for the
sequence of coverage requirements indicate a desired given time period based on a location of the vehicle and
number of vehicles for different landmarks of the a density of the target geographic distribution for the
plurality of landmarks at a respective time period > location.
within the period of time; 19. The system of claim 17, wherein the functions further

comprise:
based on the determined sequence of intended destinations
for the vehicle, determining a control policy for the
10 vehicle, wherein the control policy for the vehicle indi-
cates a direction of travel for the vehicle based on a
location of the vehicle; and
determiming the flocking-based direction of travel for the
vehicle for the given time period based on the control
15 policy for the vehicle and the desired spatial relationship
between the vehicle and one or more neighboring
vehicles for the given time period.
20. The system of claim 17, wherein vehicles of the fleet of
vehicles include a balloon within a data network that 1s oper-
20 able to provide data commumnication via optical or radio-
frequency links.

determining a respective sequence of mtended destina-
tions for each of one or more vehicles of a fleet of

vehicles to travel to over the period of time to satisty
the sequence of coverage requirements; and
determining a flocking-based direction of travel for a
vehicle of the one or more vehicles for the and a given
time period based on: (a) a determined sequence of
intended destinations vehicle and (b) a desired spatial
relationship between the vehicle and one or more
neighboring vehicles for the given time period.
18. The system of claim 17, wherein the functions further
comprise:
determining a target geographic distribution of vehicles for
the given time period using the determined sequence of
intended destinations for each of a plurality of vehicles
of the fleet of vehicles; and ¥k ok k%



UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. : 8,781,727 Bl Page 1 of 1
APPLICATION NO. . 13/742209

DATED : January 15, 2013

INVENTORC(S) : Keith Bonawitz and Dan Piponi

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

In the Claims
Col. 27, claim 17, line 13, delete the words “for the”;

Col. 27, claim 17, line 15, msert the words -- for the -- between “destinations” and “vehicles”.

Signed and Sealed this
Seventh Day of October, 2014

TDecbatle X oo

Michelle K. Lee
Deputy Director of the United States Patent and Trademark Olffice



	Front Page
	Drawings
	Specification
	Claims
	Corrections/Annotated Pages

